‘Some Aspects of Medical Research
'THE GENETIC CODE
" 7Two great families of molecules control the key functions of every living cell.
They are the proteins and the nucleic acids. The main function of the proteins
js to act as enzymes—the highly specialized catalysts which speed up chemical
reactions in the cell, each acting in a specific way to promote a particular
chemical reaction; under the mild conditions of temperature and acidity within
a cell most of these reactions would only take place extremely slowly if enzymes
were not present, and the cell could not function properly. The nucleic acids
constitute the cell’s genetic material—taking * genetic’ in its general sense of
__relating to nuclear control of cellular function as well as to the transmission of
‘ blueprints * from one generation to the next.
~The structure of proteins —

~ Protein molecules are large, typically containing thousands of atoms. Never-
theless, their basic chemical structure is remarkably simple. They consist of
one or more polypeptide chains—that is, long chains with a backbone having a
regular repeating structure to which different side-groups of atoms are attached
at regular intervals. The structural units of this chain—the monomers which are
joined together to form the protein polymer—are amino acids, of which there
are 20 different kinds. A particular protein, which may be several hundred
amino acid units long, has these amino acids arranged in a particular sequence.
Since Sanger, of the Council’s Laboratory of Molecular Biology in Cambridge,
carried out his classic work on the structure of insulin, the amino acid sequences
of several proteins have been experimentally determined.

This amino acid sequence is the so-called first-order structure of the protein.
Once formed, the chain folds on itself in a precise but complicated way, so that
_each protein has an intricate three-dimensional shape peculiar to itself and.
different from that of all other proteins. It is this which allows each protein to
carry out its special job. Thus proteins, as a family, are delicate, subtle and
versatile. But behind this complexity their basic chemical structure—the linear
sequence of amino acid units—is fairly uncomplicated, which means that they
can be put together by a relatively simple process.

The structure of nucleic acids

_ It now seems likely that specifying the sequence of the 20 amino acids
In each of the thousands of different proteins occurring in a living organism is
the main function of the genetic material in the cell. This genetic material is
contained in the genes, the units of genetic function, which are arranged in a
lll}ear order along the chromosomes. In higher organisms the chromosomes,
with their complement of genes, reside in the nucleus of the cell. Each particular
gene probably contains the instructions for making one particular protein: this
Is the ‘one gene—one enzyme * hypothesis.

Itis now believed that genes are made from the other great family of biological
molecules, the nucleic acids. There are two kinds of nucleic acid, closely related
to each other, known as DNA (deoxyribonucleic acid) and RNA (ribonucleic
acid). The genetic material is usually DNA, though in some small viruses, such

-as poliovirus, it is RNA; most of the RNA in cells has other, though related,
functions,
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DNA, like protein, is a polymer, and a very long one. When isolated from
cells the molecules of DNA are usually at least 10 000 monomer units long, but '
they are easily broken and they may be longer than this inside the cells. The
backbone of the DNA chain is made up of a regular, alternating sequence of”
two units: a phosphate group and a sugar group. Attached to each sugar
group is a special side-group of atoms known as a base. Unlike protein, how-
ever, with its 20 side-groups, DNA commonly has only four different kinds—"
adenine, thymine, guanine and cytosine. These bases follow one another in an
irregular order, and it is their precise order along the particular length of DNA
constituting one gene which represents a genetic * message °.

In fact DNA molecules usually consist of a pair of chains wound round each
other into a helix, with the bases on each chain joining across the middle to
form * base pairs ’, rather like the steps of a spiral staircase (Plate I). In this
structure (which has been worked out by Crick, Watson and Wilkins), adenine
on one chain pairs with thymine on the other, and similarly guanine pairs with
cytosine. It is this double complementary structure which allows the cell to
produce an exact copy of any DNA molecule when it divides and the strands
separate, since only the correct sequence will  fit>, A simple organism such as
the bacteriophage T4, the virus that attacks the intestinal bacterium Escherichia
coli, has about 200 000 base pairs. E. coli itself has perhaps 3 000 000, and
man a few thousand million base pairs in each cell—enough for over a million
genes if each gene is a few thousand base pairs long. When uncoiled, the DNA
from all the cells in one human body would reach across the solar system. __:

In bacteriophage 74 ail the DNA is-in  the. form of onmdmsme 60p in.
length. This constitutes the “chromosome ’ of the phage. It is likely that the.
chromosome of E. coli is also one single molecule, perhaps 1 mm long; but we
do not know yet how the DNA is organized in the chromosomes of higher,
organisms. The phage chromosome contains about. 100 genes, and these genes
are ordered linearly on this structure. Each gene is perhaps 1000 base pairs.
long, and it is the order of the four kinds of base pairs along this length of DNA
that determines in some way the precise order of the 20 amino acids of the
protein specified by the gene. Working out how this is done has come to be
known as the coding problem.

The coding problem

The basic difficulty in solving the code has been that, while in favourable;
circumstances the amino acid sequence of a protein can be determmed, it is not.
yet technically possible to find the base sequence of a particular plece of DNA.
The problem has thus to be attacked by indirect methods. - - -

The first question we can ask is how many bases are needed to determine one
amino acid. If only two of the four bases were used we should have only"
4 x 4 = 16 possible combinations, whereas there are at least 20-kinds of amino
acids in proteins. Thus the minimum number of bases needed is 3. There are
4 X 4 X 4= 64 possible triplets and it is not obvious how they should be;
allocated in relation to the 20 amino acids. For example, each amino acid might:
be made to the specification of just one triplet and the other 44 triﬂl:g
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might be ‘ nonsense *—that is, have some other function. Alternatively the
might be ‘ degenerate —that is, several triplets might stand for each amino acid2
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*m«,ather case one might expect one or more triplets to stand for a space between
7 W or even that there would be separate triplets for  begin chain” and ‘ end
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e earhest type of code suggested (Gamow, 1954) was an overlapping one.

Th:s is illustrated in Fig. 1, which shows how an overlapping triplet code would
work. As can be seen, the ﬁrst second and third bases code the first amino acid,
the second, third and fourth the second amino acid, and so on. It is easy to see
that with such a code some sequences cannot be coded, and in fact it was soon

Figure 1

How an overlapping code would work (where A =adenine, G=guanine, C=cytosine,
T=thymine, and a=amino ac1d)

shown that the actual family of codes proposed by Gamow must be incorrect,
since they could not code some known sequences of amino acids. Later Brenner
(1957), by an ingenious argument, showed that if the code was universal (the
same in all living organisms), so that all the experimental data could be
considered as a whole, then no simple overlapping triplet code was possible.

- Recently more direct evidence -has-confirmed-this-(Tsugita,-1962;-Wittmann;-
1961). In an overlappmg code a change of one base would, in general, alter
three adjacent amino acids. ~ Such changes, or mutations, may occur spontan-
eously in nature or they may be produced by chemical means, and all the data
suggest that the typical alteration is to a single amino acid. It thus seems
virtually certain that the code is not of the overlapping type.

If the code is not overlapping a new problem arises. How does one tell where
one triplet ends and the next begins? For example, if the sequence in the
middle of a gene is

CATCATCAT
is this to be read as
. . . . CAT CAT CAT
or . . . . C ATC ATC AT . . . .
or . .. .CATCATCA T . . . .17

Various solutions to this problem have been suggested—see Crick, Griffith
and Orgel (1957)—but it is now believed that none of these is correct. It
seems likely that the message is read by starting from a fixed point and going
along three at a time from there.
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